A transport equation is derived for non-equilibrium systems with pairing correlations. The derivation is carried out in the closed-time-path (Schwinger-Keldysh) formalism using a generalization of the Gorkov equations for contour ordered Green functions. For an arbitrary non-equilibrium system two distribution functions are necessary for the description of the system obeying two coupled transport equations. In equilibrium both distribution functions become equal. The limit of systems approaching equilibrium is discussed and a former derivation of an approximated transport equation for only one distribution function is justi ed.
Introduction
The present paper supplements an earlier paper by the author 1] in which a kinetic equation for a system with pairing correlations was derived for systems near equilibrium. This study has been stimulated by the experimental result of a rather high deuteron production rate in heavy-ion collisions in the range of 150 to 650 MeV/Nucleon 2]. The deuteron formation is governed by the strong neutron-proton pairing in the 3 S 1 ? 3 D 1 channel.
Thus, it was obvious to describe the deuteron formation theoretically by the BardeenCooper-Schrie er (BCS) approach for super uid nuclear matter 3{6]. This approach is supported by the fact that the BCS gap equation passes into the deuteron Schr odinger equation in the low-density limit 7] . Especially in the case of a heavy-ion collision, we are confronted with a highly non-equilibrium situation so that a dynamical approach is necessary. In Ref. 6 ] this has been done on the basis of time-dependent Hartree-Fock-Bogoliubov equations.
In his former paper the author derived a transport theory for super uid nuclear matter on the basis of Green function formalism in non-equilibrium systems following recent derivations of transport theories ( 8{10] and references therein) which were initiated by the book of Kadano and Baym 11] . There, the Gorkov equations had been derived for non-equilibrium systems starting with the perturbation expansion of the Green functions, using the Gorkov factorization 12] in the framework of a generalized non-equilibrium Wick theorem and the closed-time path (Schwinger-Keldysh) formalism. It shows up that the Green function carries two formally independent structures, one resulting from the Schwinger-Keldysh formalism and another from the presence of anomalous Green functions. The equilibrium solution had been regained in which the retarded BCS Green function are obtained through a Bogoliubov transformation of the free retarded Green function. In equilibrium the Gorkov and the Schwinger-Keldysh structure decouple since the normal and the anomalous Green function are there described by one distribution function. Transferring this to near-equilibrium systems, a kinetic equation for the distribution function was derived. Main feature of this kinetic equations is that in the quasi-particle approximation we have contributions from two di erent energy poles. The aim of this paper is to generalize the former approach to an arbitrary nonequilibrium system by introducing a further distribution function which is necessary for the description of an arbitrary non-equilibrium system with pairing correlations and to derive a coupled system of kinetic equations for these distribution functions.
In Section 2 the results from Ref. 1] are shortly reviewed, and the approximated transport equation for systems near equilibrium is quoted. In Section 3 for an arbitrary non-equilibrium the transport equations are derived for the two distribution functions necessary in a nonequilibrium system with pairing correlations. In addition, the full transport equations are related to the approximated one for only one distribution function, which is justi ed for systems near equilibrium. The paper ends with a conclusion.
Gorkov equation for non-equilibrium systems
As model Lagrangian for super uid nuclear matter we choose a system of non-relativistic fermions interacting through an arbitrary two-particle potential that allows a pairing condensate
The formulation of the kinetic equation is based on non-equilibrium Green functions de ned on the Schwinger-Keldysh contour (see Fig. 1 ) 8]. The presence of pairing correlations is considered by including anomalous Green functions 13] iG(x; y) = hO C H (x) y
iF(x; y) = hO C H (x) H (y)]i;
iF y (x; y) = hO C y
The perturbation expansion of the exact Green function is obtained by expressing the Heisen- 
where the fat symbols indicate matrices due to the Schwinger-Keldysh formalism. 3 accounts for the minus sign stemming from the time integration along the lower branch of the Schwinger-Keldysh contour on which the time arguments run from +1 to ?1 (see Fig. 1 ). ?uv h fRe R ; fg !=E+ ? fRe R ; fg !=E?
As already discussed in Ref. 1], the main features of this kinetic equation are the appearance of contributions from the two energy poles and anomalous contributions from the presence of anomalous self-energies. The anomalous contributions are proportional to uv which contribute for that reason mainly at the Fermi surface 13]. Therefore, the drift terms can be interpreted as the contribution form particles bound in pairs, and the collision term as the scattering of pair-particle to particle-particle or pair-pair to particle-pair ((1?f) < ) and the inverse process. 
Kinetic equation
In this section we derive the kinetic equations for a system with pairing correlations in an arbitrary non-equilibrium. As already stated above we have to introduce further distribution functions since the assumption that one distribution function is su cient for the description of the system, is only justi ed near the equilibrium. As shown in the Appendix the distribution function of F and F y are equal in general. In addition, the following relation is valid between the distribution functions f of G and f G of G
With the spectral function of Eqs. (22{24) in quasi-particle approximation we get the following expression for the 1-particle correlations 12-15) ), subsequent transport equations for G < and F < can be derived by subtracting Eqs. (12) and (13) respectively adding Eqs. (14) and (15) i@ T + i p m r R G < = R G < + < G A ? G R < ? 
where we use f ? (p) = f(?p). The rst term on the r.h.s. and analogous terms of Eqs. shown in the Appendix, F y A (p) = F R (p). In the quasi-particle approximation we obtain that A F = A F y = 2iImF R . Because of the similar structure of the Green functions G and F, the self-energies < and > are imaginary: < = ?f + x, > = (1 ? f) + x with = 2iIm R .
Because of y < (p) = ? < (p) (see the Appendix), we have y < = ?f + x and therefore 
As in the approximated kinetic equation (Eq. (25)) we get contributions from the two energypoles. The drift term from the normal contributions is just like in the approximated kinetic equation. The anomalous part of the drift term is now splitted into three parts. The rst part is proportional to the distribution f, and the force results from the real part of the retarded anomalous self-energy. The second part is caused by the phase-space dependence of uv, and the third by the phase-space dependence of the energy-poles. The second and the third part are proportional to (f ? f) and vanish explicitly if the system approaches equilibrium. The collision term remains unchanged in comparison to the approximated kinetic equation (Eq. (25)). If we consider the limit that the system approaches equilibrium, the fth, sixth and seventh line of Eq. (37) vanish. Instead of f in the fourth line we can write f in this limit. Therefore, for systems near equilibrium the approximated transport equation (Eq. (25)) is a well justi ed approximation.
The equation for the time evolution of f has a drift term whose force results from the self-energy averaged over the momentum and the opposite momentum. This indicates that this is the drift term for particles with opposite momenta bound in pairs.
The anomalous contributions to the drift term have again three di erent types. The rst is a contribution of f at p and ?p driven by a force stemming from the retarded anomalous self-energy. The second and third contribution result from the phase-space dependence of uv and the energy-poles. The rst term in the collision term describes the scattering of particles with momenta p and ?p ( < (p) + < (?p)) into a bound pair (1 ? f) and the inverse process. The second contribution describes the scattering of a pair. Furthermore we get an explicit source term proportional to the real part of the retarded self-energy and to (f ? ? f) or (f ? f) times u 2 or v 2 . The approximated kinetic equation (Eq. (25)) is handable in a transport code since the structure of the kinetic equation remains the same and only additional contributions to the forces and the collision rates appear. Observing that the terms in the sixth and seventh line of Eq. (37) and analogous terms in Eq. (38) are of higher order in the derivatives in comparison to the other terms, they can be neglected; the remaining transport equations should be handable in a transport code.
Subsequently, we show that f and f become equal in equilibrium. The derivatives must vanish in this case and the collision term must become zero 0 = ?iu 2 
Thus, it is justi ed to interpreted uvf as the phase-space distribution of the condensed pairs.
Conclusion
The main result of this paper is the derivation of a kinetic equation for a system with pairing correlations under the full consideration of the freedom resulting from the presence of a pairing condensate. The approximation carried out are the gradient approximation and the quasi-particle approximation which are usually applied in the derivation of transport theories. Two di erent distribution functions had to be introduced, f and f; uvf can be interpreted as the phase-space distribution of the pairs in the condensate. Therefore, a coupled system of kinetic equations is obtained. Two main features arise: First we have contributions from two di erent energy-poles. Secondly, besides the normal contributions containing the normal self-energy, contributions containing the anomalous self-energy appear. In the drift term these contributions are caused by the phase-space dependence of f and f as well as of the functions u and v and the energypoles.
The most anomalous contributions in the drift term in the kinetic equation of f are proportional to (f ? f) besides the term which appeared already in the approximated kinetic equations and vanish therefore explicitly if the system approaches equilibrium. This justi es the former approximation as a reasonable one for systems near equilibrium. The approximated kinetic equation is therefore suitable to describe the formation of deuterons in nearly equilibrated system of nuclear matter as, e.g., at the end of a heavy-ion-collision where the question on the formation of light fragments arises. This kinetic equation is handable in a concrete transport code for the description of a heavy-ion-collision as well as an approximation of the full coupled system of kinetic equations which was discussed in the text.
Appendix
The retarded and advanced Green function are de ned as 
6 Appendix: Conserved quantities
In transport theories the conservation of particle number, energy etc. are of importance. The question arises whether certain approximations keep these quantities conserved. In the following this question will be considered in more details for the Hartree, Fock and T-matrix approximation. In the presence of anomalous contributions the corresponding contributions are modi ed. The Hartree self-energy remains unchanged
In the case of the Fock self-energy we get additionally an anomalous self-energy The folded subsequent product of the 2-particle function and the interaction potential in the corresponding approximation can be reformulated by the help of the self-energy was treated lond ago by Baym and Kadano 14] . They showed that energy conservation is valid if the 2-particle functions possesses following property:
hO C y (w) (z) (x) y (y)]i = hO C y (y) (x) (z) y (w)]i :
(69) The above 2-particle functions ful ll all this property. Therefore, the Hartree, Fock and T-matrix approximation including pairing correlations are energy conserving.
